

































1.2.1 スペクトル測定と SPI...........................................................................................................................9 











































































































.F&1 ķ˙ʂ,Cǖʷ=2ĄǖƖ2 ɂ˙ǾȷƖ, 1Ǿȷ1Ģ˘ pixel size ˙3˙







































 *1: scopus/*cLjƻȸ”imaging”1ȾƵ˛  
*a: N. J. Harrick, J. Opt. Soc. Am., 49, 376 (1959)., J. Fahrenfort, Spectrochimica Acta, 17, 698 (1961)., *b: J. A. Decker, Appl. Opt. 
9, 1392 (1970)., *c: E. N. Leith et al., J. Opt. Soc. Am., 54 1295 (1964)., *d: D. V. Strekalov et al., Phys. Rev. Lett. 74, 3600 (1995)., 
T. B. Pittman et al., Phys. Rev. A 52, R3429 (1995)., *e: E. J. Candes et al., IEEE Trans. Inf. Theory 52, 489 (2006)., D. L. Donoho, 
















]VuUaL^V˘SPI; single-pixel imaging˙+2êƻÑč˘single-pixel 
detector G˙Δ*L^VGɞLa[> 2ǆÃƍÁȷĪG~eenƻÑ
č˘ multi-channel detector ,˙Ć5,AD3]VenL^V˘ single-channel 








+2 SPI,ɮC9$řʙ1ɯȬǄZ_jL^V˘ CGI; computational ghost imaging˙




 "1$<1vGđ 4/Ș9 ÒÅɯǡÒʲ+1~exfU_ǡİ/(*9

































Jd~ÒÅǕ˘Hadamard-transform spectroscopy˙[5-7] +C"1£/=Mock 



















 *2: vOÒÅ1ěý2Åǣ¾61éÒ1ŬBÅJd~ÒÅ1ěý2~_U1ʹöǏ 1:1+C$< 
˞˝ 
Ǐ´C]fj˃ˊ˘ nsh ˙Âä.ěýiii ¹˙ûŒŋ/Ǐ´C]e]˃ˊ˘ nsci˙




A1ǖʷOjœ$B"* 1ƻÑčœ$B1¹ûŒŋ2 mT ,.CMX1ěý2
"1Ƣʺ/ m ǧA.Cʣ1ƢȳÓic1ǡİGɞ,+ 1Ď1_{UjǡİGȻ
!C,/.C1ǖʷOjœ$B1¹ûŒŋ2 mT/2 ,.B*2êƻÑčœ
$B1¹ûŒŋ2 m2T/2 ,.CDA1ŦGòơ*ƻÑč˃ˊƑʰȈ.ěýMC





Fourier spectrometer˙ŽADC [13] 
 
đ 5 ]Ven˘SC˙ǡİ˚~een˘MC˙ǡİ  ˚
~exfU_˘MX˙ÒÅǡİ1ƾšđ  ˛
 
































 ,E+Ôƭ1 SPI /2ŰɟȈ.ˉ+~_U1ɦȷƖ>ɤ²Ȳŋ/ʽǿ'$9$
ǄƺȈ.ʇƶ/ʈďCǡİƢʺ1ØȴǨɩ+.ěý='$ʗŇǄƺȈ.
~_U/ğFCiqL_,*ǛƥGΔ$ȢʺÅğɼč˘SLM s˨patial light modulator˙>
MEMS˘micro electro mechanical systems˙ŰɟGΔ$i^c~LUiqL_






ŇˌAȆě$ LCOS-SLM l˘iquid crystal on silicon-SLM˙>DMDǏʓȈ®¶Ƹ+ÖΔ+
C@/.'$,ŕˋ*C,ɎADC9$"1ĻÚ/Ēɉa]V








Jd~ğƈL^V˘ HTI [˙20] >Ǉŏǖ~_UGΔC˄ƕY[Lğƈ˘ DCTI˙






      






 *3: scopus/*cLjűʵTkG¦+ƻȸ 
"single pixel imaging"  OR  "Hadamard transform image"  OR  "single channel imaging"  OR  "computational ghost imaging"  




đ 7 SPI/ʻCɾƘƖ*3,"+³ΔDCȢʺÅğɼč1Ǌù  ˛
 
 


























































]vILJ ˘II; image intensifier˙,ˇɛȾýȷĪ˘CCD; charge coupled device˙,1ȼ:ýF
!C.B˗¶+BƻÑŨŋ1ǧA= PMT.-/2ñ3."1£/=J
q]Nĝ»GΔC,+˗ʳĪâǵ˘~ 90 %˙G=(ˇĪĝ»Ŏ CCD˘EM-CCD; 











đ 9 SPI+ΔADCÅƻÑč1ŠȪʡŋ,ķŠøɒ.ÅŒŋ  ˛






photon pair: QEPP˙/ʻCȓȡ [23, 24] GȅȦ,$Űɟ+BŠΔɯǡ/ʻ*œÔ
Aƞȕ.ȋȈĬē$,2ŢFD.´32ǆ1ˈɄŔÅĭȾƥ/*­ȍƗýƱ


































đ 10 type	 SPDC1ƾɦ  ˛
 
 




ʳĪȈGI˘ QEP-GI 1˙Ƈƹř3A*"="= 2ÅĪþƢɯƖL^V/QEPP
Ǳũşɦ+C1,ȄČųAD$ [28]QEPPǱũ1Å/ķ*ʠŃ1Å
G÷ÊÅ,Ć5,/C"D2ŒŋŝŐ/.C,êÅĪ˘ single photon Ǳ˙ũ/.C



























                 (1) 
,ƨC+	…
2J[wņĕGɠIn (x,y) 2Ōǁ (x,y) /C nĎȋ1
ǡİ1Œŋ?A+B!! !, ! − !! !, !  +ADCIn (x,y) 2 n Ďȋ1_{fU
rc1ǡİŒŋ+B !! !, !  2"1J[wņĕ+CBn 2 n Ďȋ1q
WfjƻÑč+ǡİD$ÅŒŋ¼1?A+B!! − !!  +ADCBn 2 n Ďȋ
1ǡİ¼ !!  2"1J[wņĕ+CBn 2ɢǡİǯ¯1ŒŋʝʧʻƖ T (x, y) G
Δ* 













       (3) 
(¬˚ !! , ! = !∗ !! , ! ! !! , !  ! = 1, 2 ,C) 
,ƨC [34]+r 2­ɋzUj+Bǝī1 122ȁ.CȢʺ­ɋGȘ
t 2Ƣʺτ 2 2(1ƻÑč/×ʨCÅ¹û1ȍķȈ.ʥōƢʺĿ+CúʕȨ 1ˍ2ˇ
ě1 4ǆ1ȍʻʻƖ Γ !,! !!, !, !!, ! + !; !!, !, !!, ! + !  +BSM_ȕǵʧȞG§İ* 
˟˝ 
 
      (4) 
1@/ˇě1 2ǆ1ȍȍʻʻƖ+ɱʙ+C$'* Ŏ˘3˙1Œŋ?A1ȍ
ʻˇě1 2ǆ1ȍȍʻʻƖ+ɱʙ+C.F& 











_jGȘ,ǰʷC [36]9$QEP-GI>÷ÊȈ. Th-GI2 D= CMN/ɐ
ŤC.F&Ġ1ŕˋG/A/ɏ2ɘȈ.ȾÁėL^V,
2ȁ.BȾÁ`ɦ,.C1,2`1óĿ1ŕˋGõ.L^
Vøɒ+C,GŧąC [37, 38]đ 14/ʠŃ1ȾÁėL^V,GI1ÅĭȳG
Ș˘ a /˙ȘɘȈ.ȾÁȳ+2Á1ǃ»ǵm = b / a+ǓİDC"D/ķ˘ b˙
/ȘGI+2÷ÊȈ Th-GI1ěý2ÅǣA1ʌ˄+_{fU1ĢQEP-GI1ě












"1řƚ$.GI1Ŕũ,*ɯȬǄGI˘CGI; computational ghost imaging˙ƇƹD
$ [46, 47]CGI+2D9+1GIđ 15˘a˙/Ș@/ðǫÅʍ,ǯ¯Åʍ1 2Åʍ
Gşɦ,$1/ķ˘ b˙/Ș@.êÅʍå+CŚƲ1ðǫÅʍ1¥FB/























ɠ 2 üȟGI1ǰʷ  ˛
 Yj_j ĠɐŤ ­ȍŨõŤ `_ ǜÒɬ 
QEP-GI     - 
Th-GI   -  - 




$ƐǹĜ+1L^V [39] >ja]V [40, 41]]ec/@Cǖ
ʷğƈGΔ$XɄL^V [48] >ʉ®ǠíĪþĞ/2ǆ1ȍʻG=$!$íĪL
^V [49] .-+CCGIʻʣ+2ɥƖºƻÑč/@Bȁ.CɫŋAǯ¯1ʿŕGô
ś"1ŕŦĚA 3ǆÃÁGÍƿūC 3DL^V [50] >"1țçŤGǘ$
Ʀûåʠ¹ [51] .-61ŠΔĚăD*C+2ǰ/Ȣʺ,Ƣʺ1ň°ĭȈ.˒
«Ť/ȏȋ$ƢʺˏĘ+1GI [52] /(*ɮñC 
































Ŕ1]V]fjL^V [54, 55] .-=ĚăD*C 
 ƯȮG¦1@/9,<CŚƲ1ȢʺÒɬGI,ƢʺÒɬGI1Žã2Ȣʺ,Ƣʺ1





























ȡ 2¨Gɞ'$9$"D,2Õʟ/ŠΔȓȡ 2¨Gɞ'$đ 18/2"1@.ɑƤG
ʎ9$Ưȓȡ1­ɋ)Gʱɥ*Ș 
 ęȗǰŤ/ʻ*2Ȩ 2ȥ+ʇƶėL^V, SPI+śADCÍƿūÁ1ǾʅGƖ
¼ɯȬ@4ı˖1ˉ+ɴ¶$SPI,*2CGI,¥ɠȈ.~exfU_ǾÁô









ɞ'$Ɩ¼ɯȬ+21Ǿȷ1 1 / 101ȢʺÒɬȕɹ+ı˖/*2ĎŴʽǿGʉ
Cǡİ1øɒŤGȘĊ$ 
 ŠΔȓȡ/*2Ȩ 4ȥ+ʉȲĵÒÅǕ+CiJYÒÅǕ˘DCS; dual-comb 





"1ȾƵ191.5 THz˘ ǖʷ 1565 nm˙ʗ¿+ 100 MHz˘ ~ 0.82 pm˙ʺˁ+YǱ/ĬēC_
{Uj1L^Gôś+C,GÔ<*Ș$+1ĄǖƖˏĘ/C[x
Vʺˁ2 20 MHz˘~ 0.16 pm˙+CA/LcvNVA­ȍ_{Uj
GȬÑC,+Crɝɓ˘ɓì 70 nm˙1ɓìÒŁǾÁGôśC,/ūÞ$ɁȨ
5ȥ+2­ȍɯǡ,ɪǧ+İʳ­ȍL^VǕ1(1Ŕũ+CĎŴ­ȍˑŝʶ















































 "ČŐ"(GlVgMVZ>NĜƣCNR; contrast noise ratioƤ#	Ɛ;Ë
ŠCGIHTISI 99'ĕð;ËƐŁ&üűŒ#Ìơ'tƜ6Ŵ
	ĈřŁ&SI&Ĝ+! HTI# CGI( SNRĸÁq"ĉĺ"8#;ŉ	 
 
2.2 計算機ゴーストイメージングとアダマール変換イメージング 
 .CGI# HTI'¨ķ [1, 2] &!Ŕ§%ŷĂ;Ũ		CGI&!KlFi
ReYiĔµ' ­ br ( 
                       (2.1) 
#!s
698	Ir (x, y) ( r ļł'glQc\PnlİĂ'ōƓÙė (x, y) "'Ü
ØÒ;T (x, y) (Ĳ'ƆƋĶÒ;ŉ	ŋ(ĲÕƜ S Ɯ&z8	ĲƆ
Ƌ T (x, y) ;ĕð81&2ę'ńƔƔü G (x, y) ; 
                  (2.2) 
#!ËŠ8	"  ( n ¶ħË'<lIl^iÕ»;ŉ	br Úƣ2.1Ƥ
"s
698#;šï8#Úƣ2.2Ƥ(n ;ÂÆ9) G (x, y)  T (x, y) &
ƃ #;ŉ	 




H (®ŬŘ ± 1 "ĕð98ĚÿŨ"7®Ũ®(y&Ń{!8	
oŦ&Nę'<QaniŨ HN (q'ÿğ"ÓŁ&Ĺð"8	 
                 (2.3) 
                           (2.4) 
"l = 2, 3, 4, …, log2n"7⨂(EkYSBnŋ;ŉ	9;ĺ!n (= N2) 
'I>N N × N'aMEŨ Hij ( 
                      (2.5) 
  
Ʃư 
'īŒ6ĝ1698	"cj# ri(99¿×Ũ HN 'Ũi "7
cjri(96'Äŋ;ũ	'5	&!ä69 Hij 'v' -1 'ŬŘ; 0 &ş÷





 ¸ 2.1ƣaƤƣbƤ& CGI# HTI"ĺaME\Pnl'o#!N = 4'À¯'
2';ŉ	"ù1!aME'ŬŘ (p, q) ;ĲƜp"'ōƓÙė (x, y) &Îê
8#&8	16'glQcaME\Pnl Iij #<Qani\Pnl Hij (
99 CGI# HTI"ĺ8	CGI"(\PnlİĂ Iij ;ĺ!Ĳ;ƆƋ (i, 
j) ļł'aME\Pnl'ŬŘ (p, q) &Îê8­(!!"#$⊚ !!""s
698	
"Iijpq # Tpq (99Ũ Iij # T 'ŬŘ (p, q) ;ŉ⊚(ŬŘ#'ŋ
;î³8	°Ė&HTI"(Hij;ĺ!Ĳ;ƆƋ (i, j) ļł'aME\P
nl'ŬŘ (p, q) &Îê8­(!!"#$⊚ !!""s
698	 
 !CGI&!((i, j) ļł'glQcaME;ƆƋKlFiReY
iĔµ"Ĕ98ŝ­ÜØ bij (q'5	&ŲƄ"8	 
                          (2.6) 
 (i, j) &Ɣ!¯ű n (= N2) ¶'oƉ'ħËâ (i, j) ; r = (1, 1), (1, 2), …, (1, N), (2, 1), 
…, (2, N), …, (N, 1), …, (N, N) ##Úƣ2.1Ƥ57ůħ`EVi brä698	'
śĒĲ Tpq Úƣ2.2Ƥ&ŉÜØńƔ&5!öË"8	 
oÿHTI'À¯((i, j) ļł'<QaniaME;ƆƋ(KlFiReY
iĔµ"Ĕ9'ŝ­ÜØ wij ( 
                          (2.7) 
"s
698	CGI°Ė& n (= N2) ¶'ħËâN2 'ŬŘ6%8ůħ`EVi w 
ä698	Ĳ'ƆƋĶ`EVi; t #8# w = HNt 'Ɣðŏ8'"ƅ<Q
aniÃ÷ t = HN-1w &57t ŰĐŁ&ĝ1698	'5	&!ä`EVi 
t ; 2ę&u+ć





¸ 2.1 N = 4'À¯' 16' 4 × 4'[>XhİĂaMEƦ 
ƣaƤglQcaMEƥƣbƤ<QaniaMEƦ 
2.3 数値計算 
 üűŒ&57CGI# HTI; SI#ĜƂ	ŪħËÎŻĲ(¸ 2.2ƣaƤ&ŉ




( 0û σ2 ( 9 × 10-8#	!Z>Nj`i; 2σ = 6 × 10-4&¹Ë­








ĄƓŎƣCGI / HTI"( 1\PnlİÏĄƓƥSC"( 1Ĭ'ħËĄƓƤ!aME'
İÏ¶ü n ;°&	%:Ļ 1 đ;ħË8ĄƓ(°"8	!
ĕðĻ'ĻżĜƂ'łŁ"GlVgMVZ>NĜƣCNR; contrast noise ratioƤ;q
'5	&ËŠ	 
                         (2.8) 
"A#M(ĕð'ƒ«Ơ¾#aMEƠ¾'ÜØ'ōƓÕ»"7
σA2 # σB 2 (99'û"8	 
 ¸ 2.2ƣbƤ& 3ñğ"'ĕðĻ;ŉ	CGI"(n = 4,096# 100,000'À¯;
ŉ!892Ļ' CNR( n Â¡8&ã±p8	.CGI# HTI
  
ƪƨ 
'ĕðĻ' CNR (SI &57ĕð92'&Ĝ+!±p!8#2
8	"ġł+Ĭ(Ƣ SNR q&! HTIƣn = 4,096Ƥ'ĕð' CNR






 6&ËƐŁ%ĜƂ;Ũ	łŁ" ¸ 2.3& SNR&Î8CNR';_kSV	
_kSV'®Ĭ(¸ 2.2ƣbƤ'9&Îê!8	'śĒ(Ƣ SNR q&!
HTI( CGI;p¶8 SNRƠ¾&!( n Â¡8# CGIĉĺ"8#
;ĂŇ&ŉ!8	.ĳçŁ%Ĭ#!HTIƣn = 4,096Ƥ'ĆŞ(Ơ¾&
! CGIƣn = 4,096ƤĆŞ;p¶!8	6&HTIƣn = 4,096Ƥ'ĆŞ(SNR
0.9;ſ
8 CGIƣn = 100,000ƤĆŞ572p&ş!8	}¶'À¯HTI"(°




¸ 2.2 ĔµƚƝ;šïÀ¯'üűŒśĒƱƣaƤŪħËĲƣ( 64 × 64ĻŘƥƒ«













¡1"8	.¸ 2.5 &¸ 2.3 #°Ė& SNR &Î8 CNR ';_kSV
	'śĒ(Ƣ SNRq&!HTI( CGI;p¶8 SNRƠ¾&!
( n Â¡8# CGIĉĺ"8#;ĂŇ&ŉ!8	 n ;¹Ë8#
HTIƣn = 4,096Ƥ'ĆŞ(Ơ¾&! CGIƣn = 4,096ƤĆŞ;p¶!8	6&
HTIƣn = 4,096Ƥ'ĆŞ(SNR = 0.9p'Ơ¾" CGIƣn = 100,000ƤĆŞ572p&
ş!7'#(œ°Ė&° CNR ;ƌð81&éŬ% n ' HTI
"( CGI 'Ŗ 24 ' 1 "Ĥ0#;î³!8	3(7'Ø¯(Ĳ'






	Ŀ´Ĺ8	9;ŇŶśĒ;¸ 2.3#¸ 2.5'99&HMƣn = 4,096Ƥ





















i[Zbgn#¦ÐjnJƣLD, emission wavelength; 635 nm, maximum power: 600 µWƤ
"ĕð9MDeXƣtype PC140015, OPUS Microsystems Co.Ƥ;ĺ	bgn'
Ńà( 1.2 mm"7bgn'õ²Ġü(ƈƁƊƁÿ±"99 13,580 Hz
1,565 Hz"8	1\PnlÝ7'İĂĄƓ( 300 ms / pattern#	İĂ(jlN
1ƣL1, f = 100 mm, F = 3.9Ƥ&57GhdnVâĲ&İĂ98	śĒ#!
ƨĻŘÝ7'İĂ\Pnl'Æ(250 µm / pixel#%	"aME'I>
N( 64 × 64 pixels#	Ĳ;ƆƋč(jlN 2ƣL2, L1#°oƤ&57ƙ
9Si-PIN]@VQ>AnWƣtype S5971, frequency bandwidth: 100 MHz, Hamamatsu 
Photonics Co.Ƥ&Ï	' ­(ĄËü 1 µs'kn\M]=iP;Ś!
<XkF-ULPiÃ÷µƣtype PCIe-6320, resolution: 16 bit, sampling rate: 250 kHz, 
National Instruments Co.Ƥ& 	¸ 2.7ƣaƤ&(ŪħËĲ#!ĺ 5 × 5 
mm 'ĚÿÞÞĴ'ƒ«;ŉ	ªäĄŕUnP' SNR ;úî&Ã¥81&

















¸ 2.7 ÌơśĒƱƣaƤŪħËĲ#!ĺƒ«Ʀƒ«'Æ( 5 × 5 mmƥaME'ƨĻŘ
'Æ( 250 × 250 µmƦƣbƤ® SNR&8ĕðĻƦĻŘü( 64 × 64 pixelsƦ 
 
2.5.2 コントラストの定量評価 
 ®ñğ"ä69 CNR '; SNR 'Ɣü#!_kSVśĒ;¸ 2.8 &ŉ	
9623(7Ā&ŉüűŒ#°Ė%±;ŉ!8	%Ìơ"(SNR 
0.03 ċĨ"(Ļ;ĕð8#("%	%n ;Įƕ&Â¡! SNR
;Â¡9) CGI# HTI' CNR(¨ķŁ&( 1&ƃ ("8	 
 
 




 ČņŌśĒ57CGI# HTI(SC&Ĝ+Ƣ CNR;ŉ#ŇŶ9	
!96'ñğ;ĺ9)§ĄƓm§ĻŘ7'ÜØ'ĥ¬Ť#
%8	%:æÛq"'ħË3ƛŞÞ¢Ē'ò%$Ċá"8	 










'śĒq'#;ŇŶ	ƨƤ°o'ħË¶ü n %6)HTI &57ä698
ĕð' CNR( SNRĜƂŁƢÀ¯( CGI'9;p¶8	ƩƤoÿ SNR








K. Shibuya, K. Nakae, Y. Mizutani, and T. Iwata, “Comparison of reconstructed images between 












 ­Ƅ%	 SPI' 1ŋ&OgHYq@kuNtI&ÚÁ"ÂŇ%¿%ä
$ǩǯx!'hqUerVHO?Z_tWuN9 8½ƟČ8"<Ž
	ķƄ!'@kuNtI%	8ƂǢ¨ƴ%ŷų8	SPI!&ƂǢ¨ƴ'şį
hOH`Sut& 1 ŪƐ&ß!ĂǓ98ÚÁÞ	& SPI &ƂǢ¨ƴ<Äw
8ƻ0&v" ķƄ!'şįhOH< 1 ŪƐx&ǢǦ!ǅĿ8ĬƱ$L
dbHQqMcYŔ&ġŁ"èƹ<ƨ	




































 /òÎ?Thuqƨ©<ŨĄĺ& HTI % ƌ´%ƾį8	Ñ 3.1Ǽaǽ
'řçMOWj&ŅƯ!8	ņđ'şįŨesNBHS
6ŧđ98 N& CHM
hOH Mi (x, y) (i = 1, 2, …, N)ƫřçŠ O (x, y)ǼxŠǽ MtIqUl
]qŃ§Í
6đ8	!hOH&űǛ¨'<ǐǖǻǛ¨'ǚ8	
Ñ 3.1Ǽbǽ% N × N&òÎ?Thuqƨ© H<Ž	iŭų&ƨfHYq'(i - 1) ŭų
&ƨfHYq<¾% 1 ƯƐòÎMcY3&!7ÀƨfHYq< 2 ŋ%Ü
ÿ8"!N& n × n (= N) &şįhOH<8"!8	$	hOH`S
ut&ű"ǻ&Ǜ¨'?Thuqƨ©&-1 " 1 %ìċ 	7ă!î¡8ĦǏ
ƨ©!'96' 1 " 0 %ìċ8	/Ĳª&¢Ǯǻ&hOH"&hOH&ó
w&Ƴ%Ɯ8ǻŪƐ'Ū¥ņđ%êz$2Ũ$	&2n × n 
(= N) &Ōĭƨ©' u × ν (= N - 1) &Ǡĭÿƨ©%¥ǜ©9èǧ&şį'Ñ 3.1Ǽbǽ
&¾%Ž5% N - 1&Ǡĭÿ"$8	!' u > ν"8Ǽ&ƼƑ'ŋ
Ɗ!LdbHQqMcY"&ǣ&|!¥ùƷǎ8ǽ	/2ŋŠ O (x, y) '
  
ȃȉ 
Ñ 3.1Ǽcǽ%Ž5%N × 1&ƨfHYq O"ƪ98	ÀhOHşį%	 
Š<ǐǖ&ýù'MtIqUl]qŃ§Í!řç9ƔĽŲ% N &ıƏ©
XuS"$8	&ǖſ' N × N&ƨ© H" N × 1&Š&ƨfHYq O"&Ɓ" 
ƲřfHYq Y<Ũ Y = HO"z698	&2Ū' O = H-1Y!z6












6 N& n × nhOH
	5) (N - 1) & u × νǠĭÿhOH&đĭŔ&ƾįÑǿ!ǾN = n2, (uν = N – 1).Ǽcǽn × n
&Šƨ©
6 N × 1&Š&ƨfHYq O&đĭŔ&ƾįÑ,ǼdǽY = HO&ƨ©Ƶƈ&ÑŽ,








(u× v = N − 1)




















































































 SPSŔ%	 'şįhOH&´ŪƐ' xyǈ%œ qƇ¨98	ŠǼ/
'hOHǽ'hOHǼ/'Šǽ"ŵìŲ% s (= 1 / q) OWVe! 2ŋŲ%McY
ÁƵ! q2Î&řç<ƨ	&5%´ŪƐx!McYřç8"




 !Ĳª%ġŁ8ĭŔ'^uhq SPSǼNSPSǽŔ!8	9< NSPS (p, s) "
ƪƷ8ęû¤& p" s'99 SPS<ƨǳ× p (pixel) " SPS&McYǢǦ 
s (0 < s < 1) (pixel) !8	(NSPS (1.0, 0.1) ' p = 1.0s = 0.1!7xyǈĭ
Ä+&ƖMcYÎĨ'99 q = p / s = 10!8	ġŁ NSPSŔ'Ąĺ& SPS
Ŕ"Â%ư8
39$	
NSPS!'NSPS (2.5, 0.1) "Ƹç½
Ɵ!8	(p = 2.5s = 0.1q = 25 $#!8	vƢŲ%&5$ SPS&Ƹ
ç!'´ŪƐ<ǆ8McY (p > 1.0) "$7Ąĺ&Ǐ?ThuqÜĢ!'<¥ņ
đ8"Ïǫ"$8	9'ŧđ98ƨ©Ōĭ!$$82!8	° 





 ŋ%2ų& SPSŔ<ġŁ8	SPS%	 ( p = 3.0s = 0.3q = 10&5
$Ƹç&ÚÁ<Ɲ8	&"SPS'ŵìŲ%ƍOWVe! 3ŪƐ<ǆ8Mc
Y"$8ž²ŉņ&ŉłŲƎù<-#ĊƯ"%Ƹç9OWVeǢǦ s <
ǆ8ǹƂǢ¨ƴ<z8	&Ƹç'ƔĽŲ%NSPS (1.0, 0.1) !z6983&"
Ƈ$7@tSupudÖ SPSŔǼISPSǽ"É*"%	wƷ&ÚÁ' ISPS (3.0, 
0.3)q = 10"ƪ( ISPS (3.6, 0.3)q = 12&5$Ƹç3½Ɵ!8	&5
$ÚÁ%	 'Š&¥ņđ&2%'ĦǏƨ©śƈĊǲ"$8	/NSPS










ISPS ' NSPS 573¦ŦƮǩ!'8SPS &Ƿ²kF\Pj<ƘÊ!8½ƟČ
8	 
 Ñ 3.2 % SPS-CHI Ŕ&¦ŦēǱ<Ž	­Ɗ!ǎ,ǒ7şį%Ũ698èǧ&
hOH' N – 1& u × ν (= N – 1, u > ν) &Ǡĭÿƨ©!8	hOH&ƨ©"Š&ß
'Â!8"çŠ'Ñ|%Ž5%ǄƤ&ľƗ!Ð;9ǺƤ&ǳ×"
8	!'ƾį<ƌ´%82%Òç9Š%ì hOH<McY
"8	/N – 1 & u × ν&òÎ?ThuqhOH<99şįhOH<
xǈĭÄ%- p / 2 
6 p / 2 /! s (0 < s < 1) ŪƐǢǦ!LdbHQqMcY8	9
< q ( = p / s) ÎpŪƐ%7ƛ7Ǎ"!N – 1&hOHşį99Ldb
HQqMcY<ƨ"%$8	ÂēǱ< yǈĭÄ%3ƨ	ĲƒŲ%2ŋ%	





Ñ 3.2 SPS&ƼƑǿǺƤ!ŽŠ%ì Ǿp / 2ŪƐ6hOH< sŪƐ x, yǈ
ĭÄ%McYřç<ƨǼÑ' p = 1%ŵþ8ǽǿ&"ǾMcYÎĨ'Àǈ qÎ!7Ǿ
Ƶ q2Î&McY<ƨ"!ƲřfHYq Y<ą8ǿ 
  
Ȅȃ 
 [NSPS 法] 
 Ñ 3.3% NSPSŔ&¶Ŧ<Ž	ƾį&ƌŬ³&2% 5ŪƐ!ņđ98 1ŋhO
H<Ďç6ŪƐ
6đ8 1ŋŠ< xǈĭÄ%LdbHQqMcY8ÚÁ<Ž
	!'1ŪƐ< q ȋ 10 (p = 1.0, s = 0.1) ¨®	$; NSPS (1.0, 0.1) !
8	ÀLdbHQqMcY%	8LteptIŝ'ÀŪƐ&|ĉǛ&Ǆŝ!Ž













Ñ 3.3 1ŋ NSPSŔ&¶ŦÑǿwǛ 10ķ&èƗ' 1ŋhOH<Ž 	7ǾǄŝ'Ltep






























s = 0.1 pixel 
1D mask pattern 




 Ñ 3.4' ISPSŔ&¶Ŧ<Ž	Ñ 3.3"ÂŇ%8ŪƐ!ņđ98 1ŋŠ<Ďç
5ŪƐ!ņđ98 1ŋhOH< xǈĭÄ%LdbHQqMcY 8	Ñ|
&Ǆŝ'LteptIŝ<Ž 8	!'p = 3.0s = 0.3q = 10ISPS (3.0, 0.3) 
"Ƹç!&²<Ž	&ƔĽŠ&ó
6 4 ŪƐų" 5 ŪƐų&ÀŪ








Ñ 3.4 1ŋ ISPSŔ&¶Ŧǿ@tSupudĭú<Ũ8"!Ǿ0.3ŪƐ&McY%ì 0.1
































s = 0.3 pixel 











6şíhOHƨ© Ψ <ő2 	ĊƯ8	!'Š&ƨ©
L@P'şíhOH&9"Â"ÒçŠ%ì şíhOH&LdbHQ
qMcY<ƨ3&"	 
 LdbHQqMcY'xyǈĭÄ%99 qÎpŪƐ&ƋÐ%7 sŪƐǢǦ!
ƨ	$;ƖLdbHQqÎĨ' q2!8	
LdbHQqMcY<ƨ;$





& u × ν57ï (u – p) × (ν - p) "$ 8	&ǳ×!'1ŪƐ7&Lt
eptIŝĨ' NSPSISPS£% q2"$8	$;şíhOH& 1ŪƐ< xyǈĭ
Ä99 q ¨® LteptI8"!ƔĽŲ%ŪƐĨ' q2"$ 8	
&296'Ñ 3.5Ǽaǽ&¾%Žƨ© Ψ& q2 (u - p) (ν - p) &ƯƐ
6$
8Ɔvƨ"ĲƒƨfHYq" z698	 
 ŋ%ĦǏƨ©&º7Ĕ!8x&5%$8	/q = 0ǼSPS$ǽ&
ÚÁN - 1& u × ν&hOHşį98	&ăLdbHQqMcYŏ% q2ÎÂ
Ň&şį98	ƖşįÎĨ' q2 (N - 1) "$7ƔĽŲ%ƨ© Ψ&ß' q2 (N - 1) 
× q2 (u - p) (ν - p) "$8	Ñ 3.5Ǽbǽ%&ĦǏƨ© Ψ†<Ž	&ß' q2 (u - p) 
(ν - p) × q2 (N - 1) "$8	Ñ 3.5Ǽcǽ'¥ņđ&çú³<Ñ!Ž3&!8	Ū





Ñ 3.5 şíhOHƨ© Ψ&î§ǿǼaǽóȊÑ'ƫřçŠ"hOH&Ɯǣ<Žǿx, yǈ
ĭÄ99%	 -p/2ŪƐ













3.3.1 CGI と CHI の比較 




%Ž5%ß N = u × ν = 7 × 5&3&"&|% 1 × 1&ß& 8&Ōĭ
ǡ¼<ņđ	ƖşįÎĨ'wƷ 3ēŔ£%N – 1 = 35"$8	 
 Ñ 3.6Ǽbǽ-Ǽdǽ% CGIƓ0Á;ēŔCHI!¥ņđ9Ū<99Ž	





ņđ!82Š&ŪƐĨ"Â N – 1Î&şįÎĨ!æ¢$¥ņđ½Ɵ!8	
/ǾǼcǽ&Ɠ0Á;ēŔ&957ƣá%ć9 8	&5$Ä'Š
&ǐǖŤß$8"57įż%ť98	ÀŪ%GAO^@P<ǝů8"Ūǃ





2Ǿð$şįÎĨǼN = 35ǽ!'Ōż%¥ņđ! $ǿǼcǽƓ0Á;ēŔ!'_@?



























(a) (b) (c) (d) 
  
ȄȈ 
3.3.2 NSPS と ISPS の比較 
 ŋ% NSPSŔ" ISPSŔ&Őǉ<ƨ	&ƔĽ<Ñ 3.7%Ž	ƫřçŠ'Ǽaǽ
%Ž5%ß' u × ν = 7 × 5ŪƐ"&|à%Ɨö 0.1ŪƐ!ß 2.7 × 0.7
ŪƐ&ŀã`Sut<ǜƜ	Ǽbǽ'LdbHQqMcY<ƨ;$Ąĺ& HTI (N - 1 
= 35) !&¥ņđ<Ž	ƂǢ¨ƴ 1.0ŪƐ!82Ū&ŀã`Sut'¢
ć9$	Ǽcǽ% NSPS (1.0, 0.1) !&¥ņđ<Ž	&ÚÁƂǢ¨ƴ' 0.1
ŪƐ!82&ŀã`SutŌż%¥ņđ9 8	ƂǢ¨ƴ&Äw'L
dbHQqMcY<ƨ;$Ąĺ&HTI& 10"$8	¸ Ɲ" Ǽdǽ%NSPS (2.0, 0.2) 
&ÚÁ<Ž	&ÚÁƂǢ¨ƴ' 0.2ŪƐ!82&Ū<¨ƴ8"'!
$"¨
8	 Ǽeǽ% ISPS (3.0, 0.3) &ÚÁ<Ž	Ǽdǽ"'ìşŲ%
s = 0.3!@tSupudǅĿ<èĮ"%57&<Ōż%¥ņđ! 8	
ISPS (3.0, 0.3) %58¥ņđ&Ūǃ' NSPS (1.0, 0.1) !ą693&"Â!8	 
 
 
Ñ 3.7 ŀã`SutŠ&ĨƵƈƔĽǿǼaǽŪ,ǼbǽLdbHQqMcY$ CHI,Ǽcǽ
NSPS (1.0, 0.1)ǾǼdǽNSPS (2.0, 0.2)ǾǼeǽISPS (3.0, 0.3)ǿLdbHQqMcY$&Ǽbǽ'Ū



















 Ñ 3.8% SPC-CHI<Ɠ0ǌ=ǐǖÖǵĈǟǼBX51M, Olympus Co.ǽ&ņđÑ<Ž	
!'ǵĈǟ&ĠŶrtPǛ%XNSqiouX_@OǼDMD; 608 × 684 elements,  
DLP3000ǽƓ0ǌ/9ôǂ&esNBHSǼDLP Lightcrafter, Texas Instruments Inc.ǽ
<º7	DLP %' RGB3 Ƥ& LED ĤǊ9 8!'ǭƤ LED &0
<vǕ& CHM`Sut<Š%şį	 ǵĈǟ&OWuNw%ǜƜ
Š% 1 / 200&Ť!&`Sut<Ɣ	ƔĽ" ŠǮ!&şį
hOH&ß' 35 × 25 µm (u × ν = 7 × 5)"$71ŪƐ&ß' 5.0 × 5.0 µm"$
	´ŪƐþ7&h@Hsiou&øÕĨ' 21.4 × 21.4!8	!3ǈbC
ROWuNǼ5.0 nm / step, MAX311D/M, Thorlabs Co.ǽ%57Š<ž²8"%5
7şįhOH'ŵìŲ%LdbHQqMcY98"%$8	Š<ǐǖĸ





























 ¶ŦŃƹèǸ&2&ƫřçŠ" SiO2NiAu& 3ñņǔØĻw%Ǩĸ@E
taujǼFIB; JEM-9320FIB, JEOL Co.ǽ<Ũ ǝOpVY<đ	Àñ&µ
'99 1.0 mm150 nm100 nm!8	Ñ 3.9Ǽaǽ%Ž 2&OpVY&ǢǦ'
500 nm!7şįhOH& 1ŪƐ& 1/10&ß%ŵþ8	ÀOpVY&ö' 1.0 µm
!7ǹ' 4.0 µm!8	ƖşįhOHĨ' q2 (N - 1) = 3,500(N – 1 = 35, q = 10) !




 8	99&Ñ&xŎ&esVY'wŎ&Ū|& x - x’īǮ&esc>@q
















 &5% ¥ņđ98& SNR' N%ä8	^ @PotTj
Ţƃ$
ÚÁSNR'√N%Ő ħÌ98	SNR'/ƫřçŠ&ǐǖŤ%3ýä











Ñ 3.9 (a) ǝOpVYw%şį9hOHǾ(b) NSPS%58¥ņđǿ(c) ISPS%58¥ņđ
ǿşįhOH 1ŪƐ&ß 5.0 µm%ìǾ2&OpVY&ǢǦ' 500 nm!8ǿNSPS	








&ö' 360 nm!7270 nmǪ9 8	èǸ!' 1ŪƐ 1.8 µm& 1ŋ&hO
H<ŨƖşįhOHĨ< q (N - 1) = 680q = 20N – 1 = 34"	Ǽbǽ"Ǽcǽ'
99 NSPS (1.8 µm, 90 nm) " ISPS (5.4 µm, 270 nm) %57¥ņđ9Ū& x - x’
īǮÑ<Ž	!ŨìŠrtP&ƂǢ¨ƴ&r@puØŚ' δ = 0.61λ / NA = 



































S. Tetsuno, K. Shibuya, and T. Iwata, “Subpixel-shift cyclic-Hadamard microscopic imaging 




























 ®ÖŴłW|ȯOFC; optical frequency combȰ0~iÒœZ)@ŌȕƔ-ƫȕ
Ț trep /o]¹?,ABEÖŴłǺ-ĀȔA*íł/®/ƿ~i*,@
čÖŴłćæ-&(ƫÖŴłȕȚ frep (= 1 / trep) )3ȯà 4.1Ȱ8#frep0o]ǁ
@ǿÖŴł*Ø1BA/>, OFC 0íł/ CWȯcontinuous waveȰZǃ





HW|·®ųȯDCS; dual comb spectroscopyȰĻŞB# [4 - 6]!/ƷŚí
/Ɲƥ*ğƌ èÕBA>-,&# [7]ûǲ0Q]·Ř [8]Ū9_[U 






à 4.1 ®W|/šĠǭŉà; ŌȕπæȯĄȰ*ÖŴłπæȯÎȰȲ 
 
 )DCS *J}\UEǓÑ A*!/ğƌƝƥ?-ıA0)
AB8)-èÕB(A DCSEƌ#J}\U[]f|0*(Ǵśå














-OFC* SPI/ƶ9ÑD *(Å/ OFC/~iȕqh¤Ï/ƗEƌ#
3ŧ­ĔƆǤżèÕB(A [20] 
 ŔƩ)0ȣǴśå DCS J}\U*īųEº;(èÕAƦȕ®ëǮÜ








 à 4.2-ĻŞA DCS-SPI[]f|/šǞEƠDCS[]f|01.56 µmć/ 2Í
/~iÒœB#OFCȯErŸÀsGJnZO[b*ErŸÀsGJnHuȰ
)ŢĨB!B"B[UjW|ȯfrep1 ~ 100 MHz, fceo1 = 10.5 MHzȰPW|ȯfrep2 
~ 99,999,525 Hz, fceo2 = 10.5 MHz, Δfrep = frep1 - frep2 ~ 475 HzȰ*(ƌAB?/
Z0ìȍ±ĵÜå/ƈƽĉZcJOiȯECLD; external - cavity laser diodeȰEƌ
(õ/o]ǁ@ǿÖŴłąfrep)Wph-eTBA [10, 21]/W
pheT0DCS )ę?BAJbsLU|EWph-ƤƭA
*EÌǇ-A [22, 23] 
 żõ/īȦ0/ȃ@)A[UjW|/®0ƄEȂȇ#ė¨®q|
]uebȯPBS1Ȱ>2 1/2 ŴȓŗȯHWPȰEƌ(PW|®-ȏƑBA






|0[UdkŠ¶ÜȯÖŴłćæ; 100 MHzȰ*g\bJZȯ14 bit, Yu
Uh; 108 Yu/ơȰ->@Ōư¹gb*(ËęBA8#Ŕ DCS-SPI














 à 4.3- DCS-SPI-AƎ¬³ŢĨ/īȦEƠN × N/Hczǔ¹ M (x, y) /
Ðǔ>@ N¥/ n × n (N = n2) /ƪÏÃz]TƋĨBAŧ-ƪÏÃz]T-ûğ
# N¥/JbsLU| Ik (t) (k; 1 ~ N) żõBA!B"B/ Ik (t) /ȞŁ
sMëļȯDFTȰ0]xTh Sk (f) EB0öȍ Sk_r (f) *ǒȍ Sk_i (f) )Ţ
ĨBAƷŚ*(N¥/ƪÏÃz]T-ûğ# N ¥/öȍ*ǒȍ/]xTh
ûę?BAÖŴłŭ/Ǝ¬E³ŢĨA#;-N¥]xTh/û-(ĩŒ
/ÖŴł fu-ûğ# N × 1/]xTh/ǔwTh Sr (fu) * Si (fu) EȋįA (u; 1 
~ m)!/ėȁHczëļȯIHTȰ->@ÖŴł fu-ûğAƄ/öȍwTh
Or (fu) *ǒȍwTh Oi (fu) Eű;A/ 2'/wThE 2ŧ­Ȏ¹-ëļA









N¥/]xThû?ĩŒ/ÖŴł fu-ûğ# N×1/ǔwTh Sr (fu), Si (fu) EȋįAȲ
!/ǔwTh*ňƚ/z]TEȁHczëļA*)ȱÖŴł fu-ûğ#öȍƎ¬ Or 
(fu; x, y)*ǒȍƎ¬ Oi (fu; x, y) EęAȲB?>@ȱĩŒ/ÖŴł/ĵĉƎ¬ Oamp. (fu; x, y)>2
ƗƎ¬ Ophase (fu; x, y)³ŢĨBAȲ 
 
4.2.2 振幅と位相のモード分解スペクトル 
 DCS-SPI /çƟġǇEǨ¢A#;ǘżõƄ*( 1951-USAF f]hdh
ȯ#38-256, Edmund Optics Inc.ȰEƌ#Æ0 1.5 mm)@shQ]çŗ
-T|āEƘƦǐƙA*->@Ðƣ/kQfItobEĔĨ #</)
A)0f]hdh?/Ȃȇ®-ŀĤ-·®Ŵȓ·ŁEA#;-
sGtxMbŗȯKoshin Kogaku Co., Ltd., ĝŴȓ; 1,550 nm, ǉƍ]xTh
πæ (FSR) ; 90 GHz, ŗÆ; 1.14 mmȰEȏ.(Ȏǂ# 
 à 4.4ȯaȰ0Hczz]Tƃü,)Ëę#JbsLU|/n]
ho]¹EƠťǺ0öȫ÷Ōȕ*öÁŌȕ/Ň)ueh(@Ōȕ]V
/ıî£ł0 frep1 / Δfrep ~ 210,526)A50 ns/ŌȕƧ/-1 / frepȕȚ/Ȇƹ
# 5Ȇ (p = 5) JbsLU|ǢżB(A#&(ÖŴłπæ-
AgbſȕȚ0ŌȕƧ/ȁł)?B20 MHz (= frep1 / p) *,A8#Jb









)Ơ#JbsLU|Eŏ-ıî#ŴĔEƠ2 Í/ OFC /Èù,Ɨ¼




ț-Ëę#ÖŴłƮß0 189.472 ~ 199.998 THz)@DCS/MJH[UEȗ
#;-Ķ¯# BPF ->@źǗ0(AȬÖŴłπæ-í/zdvfcJ
qhǢżB(AȯdȰEıî(Ơ*ȯeȰ-Ơ>- 191.0 ~ 192.2 THz
/πæ- 13¥/±ȭȂȇrTƞǫ)A8#ÖŴłȕȚ0 90 GHz)@M






























żõûǲπæȯROI; 1.47 mm × 1.47 mmȰ*#)Ơ# ROIȯ1951-USAFf]h
dh/Uu 1M}h 6Ȱ/ 3Ŕ/Űċƽȍ0®EȂȇ AƼǎ-ǟ(
Aπæ0f]hdh-Mbȏ,&(A*EƠDCS-SPI/Ǧõ0
N = 1,024ȯn = 32Ȱ*#)ƪÏÃz]T/ÅƎƲ/î0ƄȤ) 46 µm 
× 46 µm)A 
 à 4.5ȯbȰi?0!B"B f1 = 191.14034f2 = 191.14040f3 = 191.59286f4 = 191.59292
f5 = 191.63260f6 = 191.63266 THz-A³ŢĨ¬)A)/ǭŉ/#;-ȯcȰ

















ȕ·ǣ0 46 µmÖŴł·ǣ0 20 MHz)@!B"Bƃüz]T/ÅƎƲ/î
*JbsLU|ËęŌ/ŌȕƧ)ŲõBA-0 6 ř/³ŢĨƎ¬








AȲȯbȰ~i·ǣĵĉJ}\;ȯiȰf1 = 191.14034ȱȯiiȰf2 = 191.14040ȱȯiiiȰf3 = 191.59286ȱȯivȰ










/T|āEȂȇ#ț-ƋAƗ/ëÃEĤ×Aà 4.6 ~ -ň-à 4.5 













à 4.6 ~i·ǣƗJ}\U:ȯiȰf1 = 191.14034ȱȯiiȰf2 = 191.14040ȱȯiiiȰf3 = 191.59286ȱ





 ŧ-à 4.7ȯaȰ*ȯbȰ-ÖŴł f3)/ĵĉ*ƗƎ¬/ņȤ/usGJEƠ





/ÿĮƉEǅħ(!B0Ʊ 70 nm *Ĺõ)Aƞǫ/#;-Òf]hd
h/ǖȤĔƆEÇñȕ¿ȩĜȒȯOLS3500-PTU, Olympus Co., depth resolution; 1.0 nmȰE





à 4.7 ³ŢĨ¬/ĵĉ*ƗusGJȲŬ-Ƅ/ņȤàEƠȲQ]çŗ-Æ 70 
nm/T|ǛǈB(AȲȯaȰà 4.5ȯbȰ-ûğAĵĉusGJȲžǎȍ0T|




1 / Δfrep)@NE SPI-Aƃüz]Tobƻł*A*ŐƵƔ-Ǝ¬Ëę
/#;-0 N / Δfrep/ŌȕEǞA*-,Aöț-0 (1 / Δfrep + td) qN)




éÑtd = 100 ms)@Ý/ŤŽƔ,Ǧõ)A q = 250*A*żõŌȕ0ÑǤ
) 540 ơ*,&(8#&(SNR /ȬJbsLU|,?16+
ÛȨ*0,?,!),éÑ0>@ȬȄ,ƦȕëǮÜ/ý¯ĞǞ*,A





















)ȈĨ#ƷŚE8*;A*/ȃ@*,AÖŴł 191.5 THzȯŴȓ 1,565 nmȰ
Eĝ*# 1.2 THz/ÖŴłćæ)ÖŴł·ǣǇ 20 MHzȯ~ 0.16 pmȰfrep1= 100 MHz
ȯ~ 0.82 nmȰ/W|~iȕȚ)Ʊ 12,000ř/ĵĉƗ¬EƦȕ·ǣǇ 46 µm)Ë









 ĻŞ# DCS-SPI []f|ȯà 4.2Ȱ0Hczëļå SPI EǌƔ, DCS []
f|-ƶ9ǽF$</)A2 Í/~iÒœB# Er ŸÀsGJnZO[
b* ErŸÀsGJnHuȯOCLS-HSC-D100-TKSM, Neoark Co.ȰE!B"B[Uj
W|*PW|*(ƌ#[UjW|/ǁ@ǿÖŴł frep1EƱ 100 MHz
PW|E frep2 ~ 99.999525 MHz*ÖŴłąE Δfrep ~ 475 Hz*#ĝÖŴł
]xThĉċã¶¿0!B"B 1,560 nm20 nm120 mW)A[UjW|/
RHMwuOs_ehÖŴł fceo1*ǁ@ǿÖŴł frep10sGJnZ
/±ĵÜȓ*yuZ/ȪÂȡŵE¼Ě(A*) Rb ÖŴłŤŽȯFS725, 
Stanford Research System, accuracy; 5×10-11; instability; 2×10-11 at 1 secȰ-ƗÒœ #
?-PW|E[UjW|-Èù'Wph-eTA#;-ƈ
ƽĉ CW ZcJOiȯECLD, PLANEX, Redfern Integrated Optics Inc., center 
wavelength: 1,550 nm; FWHM: < 2.0 kHzȰ/ƒĵƽE[UjW|/Ȋē,Aȵ'/
~i-ƗÒœ #ŇPW|/ȵ'/~i0ÖŴłçŽ- fceo2E
ƗÒœ#ƆĦEƺĲ#88ȡů®óëǮÜȯModel 4004, New Focus, Newport Co. 
frequency bandwidth; ~ 100 MHzȰ) frep2E¼ĚA*)Ò ECLD-ƗÒœ # 
[10, 21]/ŢĨ->@2Í/W|ȕ/Ɨûƽĉ0 1 Hz-ƈƽĉÃB(A [23]
DCS/JbsLU|EWphƤƭ)AŜİB)A [22, 23] 
 ƄEȂȇ#Űċ¨®/[UjW|®0äƖ¨®/PW|®*¨®q
|]uebȯPBS1ȰEȃȇ A*->@ȏƑ #®óƔnio]sIb
ȯBPF; FB1570-12, Thorlabs, Inc., center wavelength; 1,570 nm; bandwidth; 12 nmȰ0DCS
żõ)/MJH[UȗŨ/ƕƔ)Ķ¯(A`Oc/ 1/2 ŴȓŗȯHWP; 




#ŧ-ĊŹ®0Ƅ/¬Ȥ-ȎǂB#Êüå LCOS-SLMȯSLM100-04, Santec Co., 
number of pixels; 1,440 × 1,050, pixel size; 10.0 µm × 10.0 µm, response time; td = 100 msȰ-¯
ü #SLM)/¬/¦Ɖ0Ƅ-û( 2.5¦)@^ L1* L2ȯL1, focal 







-ĒĎëǮB#Ƅ®EęA!(^ L3L4ȯL3ȾƁſǷȞ; F3 = 150 mm, L4Ⱦ
ƁſǷȞ; F4 = 50 mmȰ)ŢĨBA 1 / 3¦/q|MR]oc* 10¦/ûƄ^
ȯNA; 0.25ȰEȂȇ AŐƵƔ-ƦȕƔ-ëǮB#JbsLU|0
InGaAs PINsNhcJOiȯPDB415C, Thorlabs, Inc., USA, spectroscopic sensitivity; 800 - 
1,700 nm, frequency bandwidth; 100 MHzȰ* 14-bit g\bJZȯNI PXIe-5122, National 




 DCS-SPI /#;-½ƩÒţ-ăÝHczǔ¹Eƌ#J}\UīųEƌ# 
[30]à 4.3-Ȇ/³ŢĨīȦEƠN × N/Hczǔ¹M (x, y) /Ðǔ?N
ř/ n × n (N = n2) /ƪÏÃz]TƋĨBAŧ-N¥/JbsLU| Ik (t) 
(k; 1 ~ N) ¥/ƪÏÃz]T-ûğ(żõBAÈù-0[31] )ĳľB(
A>-M (x, y) /Őº/ǔ*¹0ăÝǔ¹EƋĨA*ȠwTh*,A,D
%Őº/ƪÏÃz]T0°ȤȮ/ob*,A#;Ĥ×EĲ#8#¥/³
ŢĨ¬/ǞƲ (1, 1) -<Ģè0Ô8B,Ik (t) /ȞŁƔsMëļ DFT0ÖŴł
f/Ȗł*(öȍ*ǒȍ/]xTh Sk_r (f)Sk_i (f) )ŢĨBA]xTh Sk (f) E
AƷŚ*(N ř/ƪÏÃz]T-ûğ# N ¥/öȍ*ǒȍ/ÖŴł]xT
hę?BAB? N ¥/]xThû-'(N × 1 /]xThǔwTh
Sr (fu)Si (fu) (u; 1 ~ m) EŢĨ#) m0³ŢĨ#Ǝ¬-ûğAÖŴł/ł
)Aŧ-ȁHczëļ->@ÖŴł fu -ûğAƄ/öȍ*ǒƄ/ǔw
Th/ûOr (fu) * Oi (fu) Eý¶A,D%Or (fu) = (2/N) MTSr (fu) = 2M−1Sr (fu)
Oi (fu) = (2/N) MTSi (fu) = 2M−1Si (fu) )A)MT0ăÝHczǔ¹/ǹǂǔ¹
)@ MT/N = M−1)AB? 2'/ǔwTh Or (fu) * Oi (fu) ?öȍ*ǒ
ȍ/Ǝ¬ Or (fu; x, y) * Oi (fu; x, y) !B"Bę?BAŐė-m¥/ĵĉ*Ɨ¬







K. Shibuya, T. Minamikawa, Y. Mizutani, H. Yamamoto, K. Minoshima, T. Yasui, and T. Iwata, 
“Scan-less hyperspectral dual-comb single-pixel-imaging in both amplitude and phase”, Optics 

























)	ƎƇ©6 3ţªėž4	ƫƿ*ŹǠȀ;ũ283%8 [1, 2]Ǝ*ÌǏ
¾Ĭǈ&$	90%)ƎĆȜğȂ  [3] 4ğ³ċůK|[vP[ȜğȂ  [4] 
























ȅƋ(Kc~y|Pžħ&(8	DPM )	$ȠƧď( QP @p~O;Ğ8


















(żȃ6	SPI )Ȇ$+	3 ţª@p~O|I [23]	
YvhxXȚà%*@p~O|I [24]	 ȠƜȅ³Ǒ@p~O|I [25]	ėžǒű [26]	
«Ko³«@p~O|I [27] ('ń)é*âÒ8ŊǪ%+	SPI ;ƅ	Ǝ
@p~O|I*âÒ38 [20, 27, 28] 
Ȭȥ 
 





















   光子計数型シングルピクセルイメージング（PC-SPI） 




 0	Û 5.1ȡaλ) Popescu6)57ķŘ9ĝő* DPM;ƗDPM)	$+	
Ǳĉ*ċůǒű*5
)	ÇŸã ur (r, t) &źã us (r, t) ŸŅã ui (r, t) ;³¹8
&%Ƅĩ98*%+(	ż)	ÇŸã+źã6Ƅĩ98ȜğȂ*©Ȕ IP1)
ǼƹČȔØĭŗð G )57	1 ţØĭ«Ƅ8*Øĭ«+e~wCçĸy|
Q L2&*e~wCȔȡFPλ)Ǽƹ9Pj@Nrxe?xTȡd|k~xλ)57
ȠÓŭĩ³ȈÆ9 DCĩ³*1&(8(: 	ÇŸãƄĩ98*ÇŸã










































 Û 5.2)ǌ PC-SPI-DPM*«òƨ;Ɨ*ƨ+	«ų	ǰǷßȜğȂ	DPM
qOs~x	$ SPINPYo6Şĩ9$	8ǡ*ŵƳ&Ʋ*öƳ+	99
ǉƋ(Ʈ©«Ƴ&ŸŅ«Ƴ;ƗǰǷßȜğȂ)+ćǟ*¤ƝßȜğȂȡECLIPSE 
Ts2, Nikonλ;ƅ		*«ų;ȠǨďǉȔƉ«ß LEDȡPT-121-TE, Luminus Devices, center 
emission wavelength: 528 nmλ)ĸ	*Ȟ½ȐŮ¥+ ~ 10 A&DPM;Ťĉ)
ƚ¨82)+	*5
(Ƞ«ĕď«ų%(Ƞ	ƜȅKc~y|PŸŅ
Ǿǎ%8*2	«ų*©Ȕ)>b~Vrȡφ1 = 100 µmλ;ǔƹ	f1 = 50 mm*
Kwp~Ty|Q L1;ƅ	$ź;ŸŅ*ƮŔ	ŸŅƨ* NA+φ1 / f1 +Ʃ 0.002
&(7	Ŝ2$ÿ(8	9)5!$źȔ%*ƜȅKc~y|Pİ 98 
[13, 14] 
 ģǀǖ*2*Ǌűõź&$	NwEFvPáŒ)ǆƏ9ÄƩ 100 nm
*ǰŅ( ITOăȡSZ-B111P6N, EHCλ;ƅ	ź*©+	ûźy|Qȡ4×, with NA of 
0.13λ)57 IP1)Ʈ©9	DPMqOs~x*®ęȔ IP2 - IP4)ţ&Ʈ©98
% IP2Ȕ+ȜğȂ*Epvl~[%8ÇŸãƄĩ*2*Øĭŗð&$	ǰǷ
ßfy~Q\ØĭŗðȡG; #49-575, Edmund Optics, 300 groves / mm; blaze angle of 17.5° at 
520 nmλ; IP3Ȕ)Ǽƹ6)	>TWVp|[qOs~x%*®Ǳ«Ǥßċů
ǒű*2)	2f2 – 2f3«òƨ*ȅ)ƹ8 FP)d|k~xȡdiameter φ2 = 40 µmλ
;Ǽƹ% f2 = 35 mm	f3 = 100 mm%8d|k~x*ę¹+ȦţØĭ«*Ɯ
ȅƋ(e?xT%8ȡ~ 5 nm spectral bandwidthλ0ţ«+ź«&$·ƅ82e
?xTw|I()ǰǷŊƬƋ)96* 0ţ& 1ţ«+ IP4Ȕ%	)ċů	
Ťēŭž*ċůƵbT~|ȡ@|T~eBzIvoλ;Ƅĩ8(	ĝő* DPM%
+	* IP4 Ȕ)Epv;Ǽƹ	@|T~eBzIvo;Ǔȁ$	9)û	
ŎƓƛ%+ SPI ;þ¬82)	ZOTxnv~Za@PȡDMD; DLP LightCrafter 
Display 2010, Texas Instrumentsλ;Ǽƹ	@|T~eBzIvo©*ƜȅƋ(ƠÎ¾;
Ǵư$Ǉ
 
 ƠÎ¾+	DMD* 384 × 384œ*m@Hznv~%Şĩ98 128 × 128Ƈƪ)û
$ƠÎ¾mPH;ǌm@Hznv~*dWV+ 5.4 µm%7	mPH*ȦƇƪ
*ȅȉ+ 16.2 µm%8*ƮŔ	DMD%ĸƢȆĠȚàȡROIλ*ê+ 2.07 
× 2.07 mm2&(8ċůƵ*ew|Oȅȉ p+	Ĝ*e~wCçĸ±Ƃ*Grw>ƜȅÓ






Ȋ*£ƀ+ 42.9&(7	DMD*ew|ObT~|*ȅȉ+ 142.5 µm&(!9
+Ʃ 26 œ*m@Hznv~*ȃ)ƎĖ	ROI )Ʃ 14 Ŏ*ew|OñÝ8
&)(!DPM ǔǒ)8*Ǿǎ(ǎƪ&$	>b~VrĚφ1&d|k~xĚ
φ2*ǺĮ8Ŏ«òƨ%+	Çƻľſ [13] & [14] ;ƻĨ	φ1 / f1 = 0.002&

























 ÅƂŚǕöȟ&$	NwEFvP)ǆƏ9ǰŅ( ITO ă*ǁÄ;ǒű
Û 5.3ȡaλ)*ǗĿ*ǰǷ©;Ɨ%	ROIȡ48.3 × 48.3 µm2λ;ƔƳ%Ɨ
NwEFvPáŒ& ITO ă*ŦĆ+ǡƳ x-x’)ñÝ$	8Û 5.3ȡbλ)+	9
;ÅðȅºȜğȂȡOLS3500-PTU, Olympus, depth resolution: 1.0 nmλ%űõŀȔgz
e=@x;Ɨűõ9ŦĆȠ+Ʃ 125 nm%!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Û 5.3ȡaλǗĿ*ǰǷ©ȣȡbλÅðȅºȜğȂ%űõȡaλ* x-x’ŀȔ*gze=@xȤ F








IŚ²łĒ SPI-DPM &%ķŘ PC-SPI-DPM %Ğ698 QP @p~O*ŨǦ;Ǉ
!ƱŸŅmPHĽ+ N = 16,384&	128 × 128Ƈƪ& 
 Û 5.4ȡaλ)>]zIłĒ SPI)58¯Şĩ©;Ɨ%+	12-bit ADC;ƅ	
PMT ĜŦ)Ķưz~bPe?xT*ŇõĽ; 40 msȡ load resistance: 1 MΩ; 
capacitance: 0.01 µFλ&ȡbλ+ȡaλ%Ɨ@|T~eBzIvo*b{~PjH
[x;ƗÛ*Ƴ³ A-A’*ŀȔÛ;Ŧ)Ɨ	ê(ƍŮĩ³*ƾň«& 2 "
*ÿ(ċůd~HƕǙ%8*@|T~eBzIvo@p~O)e~wCçĸ








ðǒĽ¥+	Ʃ 4 × 105 ¢ counts / pattern%8űõŇȅ+>]zIłĒ*ãÏ&Ð
40 ms / pattern&Û 5.4ȡeλ&ȡfλ)99b{~PjH[x@p~O& QP@
p~O;Ɨ	93>]zIłĒ*ãÏ573ŅƐ(©ÊĞ%$7	ITOă*
QP@p~O;Ťƕ)ÊĞ8&%9+Ś²ƨ*U@]nWHy|O; 4,096
ȡ12-bitλ6Ʃ 4 × 105)ıê&ø$	86)ŅƐ(©;ÊĞ82	
űõŇȅ; 400 ms / pattern),	«ðǒĽ¥;Ʃ 4 × 106 counts / pattern)å4
*&*ƮŔ;ȡgλ-ȡiλ)Ɨ*ƮŔ	@|T~eBzITo&b{~PjH
[vo;6)Ƞ	 SNR %ÊĞ8&%	ŊƬƋ)Ğ698 QP @p~O3Ðş
%!ITOă*āĭƀ 1.89ȡ550 nmλ[31] ;ƻĨ8&	ȡiλ)Ɨ B-B’¿ȅ*







Û 5.4 SPI-DPM)58NwEFvP)ǆƏ9 ITOă*űõƮŔȤą§ȡaλ-ȡcλȯ>]z
IłĒ SPI)58űõƮŔȡ40 ms / patternλȣìȡdλ-ȡfλȯPC-SPI-DPM)58űõƮŔȡ~ 4 × 

























Û 5.5 PC-SPI-DPMNPYo)57ÊĞ@p~O*ƇǠ*ǖȤȡaλČÞ«ðǒĽ¥ ~ 4 × 106 
*Ň*b{~PjH[vo@p~Oȣȡbλȡaλ57Ƣ² SNR&ČÞ«ðǒĽ¥&*Ȇȣȡcλ









Ȕ6 IP4Ȕ0%%	Ʃ 1 / 2,000)0%*2	ȠǨď«ų&ȠĦďEp















;ƅ		ǡ	Ʋ	Ȓ*@p~O)³8łŬ [36]	$ 3 "ƌ+ 1 ţØĭ«& 2 ţØ
ĭ«;ÐŇ)Ɯȅe?xTw|I8ĪŬ  [29] %8	%ķŘ
SPI-DPM +6)Ƨù(éŭȃƎ@p~O;ÊĞ8¶*Ìǀģ;3"*Şĩ*












































 *ȁ%+	Popescu6)57ķŘ9®Ǳ«Ǥß DPM [13, 14] *ƂǜƋ§Ȕ;Ǔ
Ǭ8ĝő*ċůǒ%+	ŸŅ«*Ȑã+ 2ţª*ĐŠiH[x r&Ňȅ t*ȆĽ&
$ ui (r, t) &ǉƁ%	9*00ÇŸ«*Ȑã ur (r, t)&(8ł	ź«*Ȑã
us (r, t) + T (r) ui (r, t) %698%	T (r) +ź*ĳĊǰǷƀ&*ã
Ï	Ňȅǵđȏ ȡτ = 0λ%*Ɯȅñ*ŇȅƎƎȆȆĽ+	Γs,r (r, r, 0) =us (r, t) u*r (r, 
t)%698ǓÎ +>|L|fxČÞ;Ɨ	* +Ǎƪ®ę;Ɨ*&
ǃ¾9Wiener-Khintchine*õƂ57	Γs,r (r, r, 0) = ∫ Ws,r (r, r, ω) dωĩƝ	Ws,r 
(r, r, ω) =Us (r, ω) U*r (r, ω)&(8*Ws,r (r, r, ω) +ƎPjH[xùď%7	
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ADC: analog to digital converter 
APD: avalanche photodiode 
BBO: β-BaB2O4 
BPF: band-pass filter 
BS: beam splitter 
CS: compressive sensing 
CCD: charge coupled device 
CGI: computational ghost imaging 
CHI: cyclic Hadamard imaging 
CHM: cyclic Hadamard matrix 
CMN: common mode noise 
CMOS: complementary metal oxide semiconductor 
CNR: contrast to noise ratio 
CT: computed tomography 
CW: continuous wave 
DC: direct current 
DCS: dual-comb spectroscopy 
DCTI: discrete cosine transform imaging 
DMD: digital mirror device 
DPM: diffraction phase microscopy 
ECLD: external-cavity laser diode 
EM-CCD: electron multiplying-CCD 
EOM: electro-optic modulator 
FIB: focused ion beam 
FOV: field of view 
FP: Fourier plane 
FSR: free spectral range 
FT-IR: Fourier transform infrared spectroscopy 
FTS: Fourier transform spectroscopy 
FWHM: full-width half-maximum 
frep: pulse repetition frequency 
fceo: carrier envelope offset frequency 
GI: ghost imaging 
  
 
HBT: Hanbury Brown and Twiss 
HTI: Hadamard transform imaging 
HWP: half wave plate 
HWTI: Haar wavelet transform imaging 
II: image intensifier 
IP: image plane 
ISPS: interleaved subpixel shift 
ITO: indium tin oxide 
LCOS-SLM: liquid crystal on silicon-SLM 
LD: laser diode 
MC: multi channel 
MEMS: micro electro mechanical systems 
MRI: magnetic resonance imaging 
MX: multiplex 
NA: numerical aperture 
NDF: neutral density filter 
NSPS: normal subpixel shift 
OFC: optical frequency comb 
PBS: polarizing beam splitter 
PC: photon counting 
PMT: photomultiplier tube 
QEP-GI: quantum entanglement photon-GI 
QEPP: quantum entangled photon pair 
QP: quantitative phase 
QPI: quantitative phase imaging 
RF: radio frequency 
ROI: region of interest 
SC: single channel 
sCMOS: scientific-CMOS 
SI: scanning imaging 
SLM: spatial light modulator 
SNR: signal to noise ratio 
SPDC: spontaneous parametric down conversion 
SPI: single-pixel imaging 
SPS: subpixel shift 
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